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To study the rotational motion of BH, tetrahedra in LiBH,, we have measured the 'H and ''B nuclear magnetic
resonance spectra and spin—lattice relaxation rates in this compound over wide ranges of temperature (92—424
K) and resonance frequency (14—90 MHz for 'H and 14—28 MHz for !'B). In the low-temperature
(orthorhombic) phase of LiBHy, our spin—Ilattice relaxation results are consistent with a coexistence of two
types of the rotational motion of BH, tetrahedra with the activation energies of 0.182 £ 0.003 eV and 0.251
4 0.004 eV. For both types of motions, the jump rates of the reorientations reach the values of the order of
10" s7! near the upper limit of the temperature range of the orthorhombic phase stability (7, ~ 381 K). In
the high-temperature (hexagonal) phase, both the 'H and !'B spin—lattice relaxation rates are governed by an
additional low-frequency fluctuation process (with the characteristic rate of the order of 107 s™! just above

To) due to the translational diffusion of Li ions.

Introduction

The alkali metal borohydrides have received much attention
due to their potential as hydrogen storage materials' and energy
carriers for fuel cells.? Lithium borohydride LiBHy4 containing
more than 18 mass percent of hydrogen was recently shown to
desorb hydrogen reversibly;? however, its stability with respect
to thermal decomposition remains the major drawback for
practical use. Elucidation of the complex structure and hydrogen
dynamics of LiBH4 may give a key to improving its hydrogen-
storage properties by the inclusion of catalytic or destabilizing
additives. The structure of LiBH4 was first studied by X-ray
diffraction* and more recently by synchrotron X-ray diffraction®~’
and neutron diffraction.® The results of these studies show that
at low temperatures LiBHy4 has an orthorhombic structure and
undergoes a first-order phase transition to a hexagonal structure
at Tp =~ 381 K. This phase transition has also been detected by
Raman scattering®!? and calorimetry.!! The transition from the
orthorhombic to the hexagonal phase has been found to lead to
the 3 orders of magnitude increase in the electrical conductiv-
ity,!> so that the high-temperature phase of LiBH, can be
considered as a Li superionic conductor. This conclusion is
supported by the "Li nuclear magnetic resonance (NMR) results
for the hexagonal phase of LiBH,.!? According to the diffraction
data,® the phase transition at Ty is also accompanied by a highly
anisotropic lattice expansion and a negative volume drop. The
experimental data® suggest that the hexagonal structure of the
high-temperature phase is stabilized by a nearly isotropic
disorder of rigid BH4 tetrahedra. However, little is known about
the reorientational motion of the BH, tetrahedra and the changes
in this motion at the phase transition point.

Microscopic details of atomic jump motion in solids can be
effectively studied by NMR measurements of the spin relaxation
rates.!3 Previous NMR studies of the BHy dynamics in LiBHy
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include the proton ('H) spin—lattice relaxation measurements'*
and the 2D and "B spin—lattice relaxation measurements for
LiBH4(Dy).!> The early proton NMR work'# was performed at
a single resonance frequency (19 MHz) and in the temperature
range 107—375 K, i.e., for the low-temperature phase only. The
experimental results for LiBH4 were interpreted'# in terms of
two inequivalent types of the BHy tetrahedra; however, this
conclusion is not supported by the structural®® and Raman
scattering®!® data. In the present work, we report the results of
the proton spin—lattice relaxation measurements in LiBH4 over
wide ranges of the resonance frequency (14—90 MHz) and
temperature (92—424 K) complemented by the measurements
of the 'H and ''B NMR spectra and !'B spin—lattice relaxation
rates. The experimental data have been analyzed to determine
the parameters of reorientational motion of the BH, tetrahedra
and to assess the changes in this motion associated with the
orthorhombic—hexagonal phase transition.

Experimental Methods

LiBHj of 99% purity was purchased from Sigma-Aldrich and
used without additional purification. X-ray diffraction analysis
at room temperature indicated the presence of a single LiBHy4
phase, and no diffraction peaks from impurities were detected.
For NMR measurements, the powdered LiBH4 sample was
sealed in a glass tube under argon gas. NMR measurements
were performed on a modernized Bruker SXP pulse spectrom-
eter at the frequencies w/27w = 14, 23.8, and 90 MHz (for 'H)
and 14 and 28 MHz (for 'B). A probehead with the sample
was placed into an Oxford Instruments CF1200 continuous-
flow cryostat using nitrogen as a cooling agent. The sample
temperature, monitored by a chromel-(Au—Fe) thermocouple,
was stable to 0.1 K. The nuclear spin—Ilattice relaxation rates
were measured using the saturation—recovery method. In all
cases, the recovery of the nuclear magnetization could be
satisfactorily described by a single exponential function. NMR
spectra were recorded by Fourier transforming the spin echo
signals.

U 2008 American Chemical Society

Published on Web 11/04/2008



18702 J. Phys. Chem. C, Vol. 112, No. 47, 2008

100 |

10

R, (5)

01E

0.01

1031 (K"

Figure 1. Proton spin—Ilattice relaxation rates measured at 14, 23.8,
and 90 MHz as functions of the inverse temperature for the orthor-
hombic phase of LiBH4. The solid curves show the simultaneous fits
of the model based on eqs 1—3 to the data.

Results and Discussion

The temperature dependences of the proton spin—Ilattice
relaxation rates R; measured at three resonance frequencies for
the low-temperature phase of LiBH4 are shown in Figure 1.
The general features of the observed behavior of R; are typical
of the relaxation mechanism due to nuclear dipole—dipole
interaction modulated by thermally activated atomic motion.'?
For this mechanism, the R; maximum is expected to occur at
the temperature at which the atomic jump rate 7' becomes
nearly equal to the resonance frequency w. In the limit of fast
motion (wt < 1), R; should be proportional to 7 being
frequency-independent, and in the limit of slow motion (w7 >
1), R should be proportional to w2t ~!. If the temperature
dependence of 77! is governed by the Arrhenius law with the
activation energy E,, the plot of In Ry vs T~! should be linear
in the limits of both fast and slow motion with the slopes of
E.Jkg and —E,/kg, respectively. While the observed behavior
of logarithm of R vs T~! (Figure 1) can be described by linear
functions over the R ranges of at least two decades, the high-
temperature slope appears to be steeper than the low-temperature
one. This feature of the proton R; data for LiBH, was also noted
by Tsang and Farrar.!* In some cases, an asymmetry of the
logarithm of the Ry vs T~! plot can be accounted for in terms
of the model with a continuous distribution of the jump rates
711718 However, such a model should also lead to changes in
the frequency dependence of R; which becomes weaker than
™2 in the limit of slow motion.!”~! Since in our case the
frequency dependence of R; at the low-temperature slope of
the R; peak is well described by w2, we can reject the model
with a continuous distribution of the jump rates. Furthermore,
the data presented in Figure 1 exhibit the inflection point near
180 K; this suggests that the observed temperature dependence
of R; can be described as a superposition of two peaks with
different slopes. It has been assumed'* that in LiBHy there are
two inequivalent types of BHy tetrahedra rotating at different
frequencies. However, the existence of two types of BHy
tetrahedra is not supported by the diffraction results for
LiBH4.5™8 Our interpretation of the R; data for the low-
temperature phase of LiBHy is based on the assumption that
each BH, tetrahedron participates in two types of rotational
motion (most probably, 2-fold and 3-fold jump rotations) having
different rates. We will use the subscript i (i = 1, 2) to denote
the two types of motion assuming that i = 1 corresponds to the
faster motion (i.e., the one giving rise to the R; peak at lower
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7). To estimate the relative strength of the 'H—''B, 'H—'H,
and '"H—"Li dipole—dipole interactions, we have calculated the
corresponding contributions to the “rigid lattice” second moment
of the 'TH NMR line on the basis of the structural data® for the
low-temperature phase taking into account internuclear distances
up to 4 A. The resulting rigid lattice contributions are MRy =
1.36 x 1010 s72, Mfiy = 1.59 x 100 s72, and Mfy; = 2.01 x
10° s72. Thus, the H—B and H—H interactions are of nearly
equal strength, while the H—Li interactions are an order of
magnitude weaker. For the motion characterized by the jump
rate 7;~!, the proton spin—lattice relaxation rate is dominated
by the sum of contributions due to H—B and H—H dipole—dipole
interactions,

R.— AMypT; 1 3
1i 2 1+(CUH_CUB)2‘L'? 1+w12{T?
6 4AMyyT; 1 1 )
1+ (g + wp)’T; 3 |4+owin 1+

where wy and wp are the resonance frequencies of 'H and ''B,
respectively, and AMyg; and AMyy; are the parts of the dipolar
second moment due to H—B and H—H interactions that are
caused to fluctuate by the ith type of motion. We assume that
for each type of motion the temperature dependence of 7;7! is
governed by the Arrhenius law

7' =15 exp(—E,/kgT) 2)
and
R,=R,+R,, 3)

The parameters of the model are AMyg;, AMun;, Toi, and Ej;.
These parameters are varied to find the best fit to the R(7) data
at the three resonance frequencies simultaneously. Since the
H—B and H—H terms in eq 1 show nearly the same temperature
and frequency dependences, it is practically impossible to
determine the amplitude parameters AMyg; and AMyy; inde-
pendently from the fits. Therefore, we have to assume that the
ratio AMygi/AMnup; is nearly the same as for the corresponding
contributions to the rigid lattice dipolar second moment.

The results of the simultaneous fit based on eqs 1—3 are
shown by solid curves in Figure 1. As can be seen from this
figure, the model gives a good description of the experimental
data at three resonance frequencies. The values of the amplitude
parameters resulting from the fits are AMyp; = 8.2 x 10° s72,
AMuyn; = 9.6 x 10° Siz, AMyg, = 4.0 x 10° 872, and AMum»
= 4.6 x 10° s72, and the corresponding motional parameters
are 7o1 = (1.9 £ 0.1) x 1071% s, E,; = 0.182 £ 0.003 eV, 102
= (3.1 £0.2) x 1075 s, and E;, = 0.251 & 0.004 eV. The
activation energies reported in ref 14 are, in our notations, Ejy
= 0.17 £ 0.01 and E, = 0.21 = 0.01 eV. While for E,; the
agreement is satisfactory, our E,, value appears to exceed that
of ref 14. It should be noted that, in contrast to ref 14, our
analysis is based on the data at three different resonance
frequencies and includes the broader range of R; values than
that of ref 14. Furthermore, as will be shown below, the values
of E, and E,, derived from our analysis of the proton R, are
very close to those that describe the behavior of the ''B
spin—lattice relaxation rate for the low-temperature phase of
LiBH,. For the case of isolated BHy tetrahedra, it is possible to
estimate the parts of the dipolar second moment due to H—B
and H—H interactions that are caused to fluctuate by the 2-fold
and 3-fold reorientations. Using the expressions derived in ref
20, for the 2-fold reorientations, we obtain AMffs = 8.4 x 10°
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Figure 2. ''B spin—Tlattice relaxation rates measured at 14 and 28 MHz
as functions of the inverse temperature for the orthorhombic phase of
LiBHy. The solid curves show the simultaneous fits of the model based
on eqs 4, 2, and 3 to the data.

s72 and AMHy = 5.6 x 10° s72. The analogous approach for
the 3-fold reorientations yields AM{fsg = 8.3 x 10° s72 and
AMily = 8.5 x 10° s72. These values are of the same order of
magnitude as those obtained from the proton R; fits. However,
such estimates can hardly be used to identify the type of
reorientations corresponding to each of the R; peaks. More direct
methods, such as quasielastic neutron scattering, are required
to solve this problem.

The temperature dependences of the !'B spin—lattice relax-
ation rates measured at two resonance frequencies for the low-
temperature phase of LiBH, are shown in Figure 2. Comparison
of Figures 1 and 2 indicates that general features of the behavior
of the ''B relaxation rates are similar to those of the proton
relaxation rates. In particular, the model with two coexisting
types of rotational motion of BHy tetrahedra seems to be
applicable to the "B data. Since, in contrast to protons, ''B
nuclei have nonzero electric quadrupole moments, one may
expect that the interaction between the nuclear quadrupole
moments and fluctuating local electric field gradients'? contrib-
utes to the !'B relaxation rate (in addition to the dipole—dipole
B—H interaction). Thus, for the motion characterized by the
jump rate 7;7!, the ''B spin—lattice relaxation rate can be
expressed as a sum of the quadrupolar and dipolar terms

1 4 AMyyT;
R, =AM, 22 2.2 2 %
I +wgt; 1+4wgT;
: 22 . o ° | @
I+ (wg—wpT, 1H+owt;, 1+ (wg+oyT;

where the amplitude parameter AMq; is proportional to the
square of the electric quadrupole moment of ''B and the square
of the fluctuating part of the electric field gradient at ''B sites
due to ith type of motion. As in the case of eq 1, the two terms
in eq 4 show nearly the same temperature and frequency
dependences; therefore, it is practically impossible to determine
the amplitude parameters AMq; and AMpy; independently from
the fits. Comparison of the ''B spin—lattice relaxation data for
LiBH, and LiBD,'" shows that the quadrupolar contribution to
the amplitude of the R; peak in LiBH4 does not exceed 10%.
Indeed, the quadrupolar contribution to the "B spin—lattice
relaxation rate should be the same for LiBH4 and LiBDy, (since
only charge fluctuations are important for the quadrupolar
mechanism of relaxation), whereas the maximum R; value for
B in LiBH4 exceeds that in LiBD4!3 by nearly a factor of 10.
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Figure 3. Behavior of the proton spin—lattice relaxation rates measured
at 14, 23.8, and 90 MHz below and above the temperature of the
structural phase transition in LiBH4. Open symbols correspond to the
orthorhombic phase, and solid symbols correspond to the hexagonal
phase.

On the basis of these considerations, we have fixed the
parameters AMgq; to the values giving about 10% of the
corresponding Rj; peak amplitudes. Such a procedure does not
affect the values of E,; resulting from the fits. Again, we look
for a set of parameters giving the best fit to the R;(7) data at
two resonance frequencies simultaneously. The results of the
simultaneous fits based on eqs 4, 2, and 3 are shown by solid
curves in Figure 2. The amplitude parameters resulting from
the fit are AMg; = 1.0 x 10° s72, AMpy; = 5.8 x 107 s72,
AMgq> = 5.1 x 108 s72, and AMpu> = 3.0 x 10° s72, and the
motional parameters are 7o; = (1.5 & 0.1) x 1074 s, E;) =
0.182 4 0.003 eV, 792 = (1.6 & 0.1) x 1075 s, and E,, =
0.256 £ 0.003 eV. Note that these values of E,; and E,, are
very close to the corresponding values derived from our analysis
of the proton relaxation rates. For comparison, the value of the
single activation energy obtained from the ''B spin—lattice
relaxation data in ref 15 is 0.21 eV. However, this estimate is
based on the data in the limited temperature range of 220—330
K. Our analysis is based on the data at two different resonance
frequencies and includes broader ranges of the temperature and
R;.

Note that both the 'H and ''B spin—Tlattice relaxation rates
for the orthorhombic phase of LiBH, behave according to the
expectations for two types of independent thermally activated
jump motion. We have not found any correlation between R(7)
and the anomalous lattice expansion observed by diffraction,®
neither above 300 K where the cell parameter b shows a strong
negative thermal expansion nor below 150 K where the cell
parameter a increases on cooling. Therefore, the anomalies in
the thermal expansion are not related to the rotational motion
of the BHy tetrahedra.

The behavior of the 'H and ''B spin—lattice relaxation rates
below and above the temperature of the structural phase
transition in LiBH4 is shown in Figures 3 and 4. As can be
seen from these figures, the transition from the low-temperature
orthorhombic phase to the high-temperature hexagonal phase
leads to a sharp increase in both 'H and ''B relaxation rates.
According to our data, the transition occurs in the range
381—384 K. The !B relaxation rate data reported in ref 15
exhibit a much broader transition range (of the order of 20 K).
This suggests the existence of a large temperature gradient
through the sample volume in the earlier experiments.'> The
most interesting feature of our relaxation rate data for the high-
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Figure 4. Behavior of the ''B spin—Tlattice relaxation rates measured
at 14 and 28 MHz below and above the temperature of the structural

phase transition in LiBH4. Open symbols correspond to the orthor-
hombic phase, and solid symbols correspond to the hexagonal phase.

temperature phase of LiBHs is the onset of pronounced
frequency dependence of R; for both 'H and "B (Figures 3
and 4). Note that for the low-temperature phase in the range
230—380 K the spin—lattice relaxation rates are frequency-
independent, since the jump rates 7;”! in this range become much
higher than the resonance frequencies (w7; << 1). The reappear-
ance of the frequency dependence of R; for the high-temperature
phase means that above 7, the spin—lattice relaxation is
governed by much slower fluctuations than below Ty. In fact,
from the Arrhenius fits to the data for the low-temperature phase,
we obtain 7,7 1(380 K) = 2.1 x 10" s~ and 7,7 (380 K) = 1.5
x 10" s71. On the other hand, the frequency and temperature
dependences of R in the range 384—424 K (Figures 3 and 4)
suggest that just above the transition point the jump rate 74!
responsible for the spin—lattice relaxation is somewhat lower
than the lowest of our w values, i.e., ¢ (384 K) < 8.8 x 107
s~L. Since it is unlikely that the jump rates of the BH, rotations
drop by more than 3 orders of magnitude with increasing
temperature, we may expect the onset of some additional low-
frequency fluctuation processes above 7Ty. Taking into account
the 7Li R, data,!? it seems reasonable to assume that the
translational diffusion of Li ions plays the role of such a process
in the high-temperature phase. Although the H—Li dipolar
coupling is considerably weaker than the H—H(B) dipolar
coupling, the former can still give the dominant contribution to
the proton Ry, if the rotational jump rates 7; ! and 7,~! are much
higher than the resonance frequency w, while the Li jump rate
74! is of the order of w. To estimate the maximum contributions
to the 'H and ''"B spin—lattice relaxation rates due to Li
diffusion, on the basis of the structural data® for the high-
temperature phase, we have calculated the H—Li and B—Li
contributions to the rigid lattice dipolar second moments of the
'H and "B NMR lines, respectively. The corresponding values
are MR = 1.32 x 109 s72 and ME; = 1.18 x 108 s72. If these
contributions are fully modulated by Li diffusion, the expected
maximum spin—lattice relaxation rates at w/2w = 14 MHz are
32.2 s7! for 'H and 2.34 s™! for ''B. Our experimental R, values
for both 'H and ''B in the high-temperature phase (see Figures
3 and 4) are somewhat lower than these calculated maximum
values. This allows us to conclude that the H—Li and B—Li
dipolar coupling is strong enough to give rise to the observed
relaxation rates in the hexagonal phase. Using the Arrhenius fit
to the 7Li R; data from ref 12, we find that the Li jump rate just
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Figure 5. Temperature dependence of the width (full width at half-
maximum) of the proton NMR spectrum measured at 23.8 MHz for
LiBH,4. Open symbols correspond to the orthorhombic phase, and solid
symbols correspond to the hexagonal phase.

above the transition point is 74~ (384 K) ~ 4.2 x 107 s™!. This
value is consistent with the above estimate (74~ '(384 K) < 8.8
x 107 s71) based on our 'H and !B relaxation data. Thus, the
frequency range of the Li jump motion also agrees with our
results for the high-temperature phase of LiBH4. However, we
cannot make any conclusions about the rotational motion of
the BH, tetrahedra in the high-temperature phase on the basis
of our 'H and "B spin—Ilattice relaxation data.

Additional information on the motion of the BH; tetrahedra
can, in principle, be obtained from the behavior of the 'H and
B NMR spectra. Figure 5 shows the temperature dependence
of the 'H line width (full width at half-maximum) in the range
92—424 K. The sharp narrowing of the line is observed near
100 K. Usually the narrowing becomes pronounced above the
temperature at which the jump rate exceeds the rigid-lattice (low-
temperature) line width.!3 Since the dipolar rigid-lattice line
width is much smaller than the resonance frequency, the line
narrowing should occur at considerably lower temperatures than
the R; maximum, in agreement with our experimental results
(Figures 1 and 5). As the temperature increases, the proton line
width stops to decrease being close to 30 kHz over the
temperature range 130—424 K (Figure 5). This rather high
plateau value indicates that the motion responsible for the line
narrowing is indeed localized since such a motion leads to only
partial averaging of the dipole—dipole interactions. The transi-
tion from the orthorhombic to the hexagonal phase is not
accompanied by a considerable change in the proton line width.
This suggests that the BHy tetrahedra do not participate in the
long-range diffusion, at least just above Ty, so that Li ions are
the only diffusing species, in agreement with the conclusions
of ref 12. On the other hand, the H—Li dipolar interaction is
not strong enough to cause a considerable narrowing of the 'H
NMR line due to Li diffusion.

The evolution of the measured "B NMR spectrum with
temperature is shown in Figure 6. As can be seen from this
figure, in the low-temperature phase the spectrum consists of
two components: a narrow central line and broader “wings”
which can be attributed to unresolved quadrupole satellites. It
should be noted that these wings are observed up to the transition
point. This means that the environment of the "B nuclei is
noncubic, and the quadrupole interaction of !'B is not averaged
out by the fast rotational motion in the low-temperature phase
of LiBH4. Such a situation is possible if each elementary
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Figure 6. Evolution of the !'B NMR spectrum measured at 14 MHz
with the temperature.

rotational jump of a BHy tetrahedron does not change the local
electric field gradient at a boron site. This is what is expected
to occur in the cases of the 3-fold and 2-fold reorientations of
rigid BHy tetrahedra. The absence of the motional modulation
of the "B quadrupole interaction in the low-temperature phase
of LiBH, is also consistent with the small upper limit of the
quadrupolar contribution to the ''B spin—Ilattice relaxation rate
(see the discussion above). In the high-temperature phase of
LiBHy, the wings of the "B NMR spectrum completely
disappear (Figure 6). This suggests a cubic environment of !'B
nuclei. In fact, according to the structural data,®® the BH4 groups
in the high-temperature phase are very close to the ideal
tetrahedra. Another possible explanation of the disappearance
of the wings in the hexagonal phase is related to deviations
from the ideal angles of rotation. If a rotational jump does not
lead to exactly the same configuration of a BH4 group, the
quadrupole interaction of ''B nuclei may be dynamically
averaged to zero. Such a behavior is expected to result in the
increase in the mean-square atomic displacement parameters
(ADPs) seen by diffraction measurements. In fact, the results
of both synchrotron and neutron diffraction experiments®® have
revealed an abrupt increase in the ADPs of the BH4 groups upon
the transition from the orthorhombic to the hexagonal phase.

Conclusions

The analysis of the temperature and frequency dependences
of our 'H and ''B spin—Tlattice relaxation data has shown that
in the low-temperature (orthorhombic) phase of LiBH, there
are two coexisting types of rotational motion of the BH4
tetrahedra. These types of motion (most probably, the 2-fold
and 3-fold reorientations) are characterized by the activation
energies of 0.182 £ 0.003 eV and 0.251 £ 0.004 eV. For both
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types of motions, the jump rates of the reorientations reach the
values of the order of 10'! s~! near the upper limit of the
temperature range of the orthorhombic phase stability (7) ~
381 K). It has been found that the structural transition from the
orthorhombic to the high-temperature hexagonal phase of LiBHy
leads to a sharp increase in both 'H and ''B spin—lattice
relaxation rates and to a reappearance of their frequency
dependence. These results indicate that in the high-temperature
phase the measured 'H and ''B spin—lattice relaxation rates
are governed by an additional low-frequency fluctuation process
(with the characteristic rate of the order of 107 s~! just above
To) due to translational diffusion of Li ions, while the
contributions due to the rotational motion of BH4 tetrahedra
are small in this temperature range.
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